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Abstract. The conversion of carbohydrates from wood to make biofuels such as ethanol is a topic of
widespread interest. A promising approach is the removal of the hemicellulosic wood component by
extraction with subsequent conversion to biofuels while continuing to produce forest products. The
impact of extraction on wood strands for use in strand-based composites was investigated. One tree of
red maple (Acer rubrum L.) was used to create strands 10.2 cm long with a thickness of 0.9 mm. Three
hot water extraction procedures at 160C, corresponding to severity factors (SF) of 2.71, 3.54, and 3.81,
were used resulting in an average weight loss of 5.7, 16.9 and 18.1%, respectively. Scanning electron
microscopic imaging of selected wood strands showed that pores in the cell wall increased as SF
increased. The distribution and size of the cell-wall pore structure showed up to a 22.2% increase.
The sessile drop method, using distilled water, diiodomethane, and ethylene glycol, indicated more
pronounced liquid wetting and penetration as SF increased. Inverse gas chromatography led to the
finding that dispersive surface-free energy and acid-base characteristics increase with SF. The extraction
procedures should be kept below a SF of 3.54 to minimize changes in adhesion performance.
Keywords: Hot water extraction, weight loss, porosity, contact angle, surface energy.
INTRODUCTION
Several procedures are available to extract hemi-
celluloses from wood, including acid prehydro-
lysis (Carrasco and Roy 1992), autohydrolysis
(Lora and Wayman 1980), steam explosion de-
veloped in 1925 by W. H. Mason for hardboard
production (Jeoh 1998), enzymatic hydrolysis
(Sjöström 1993), and hot water preextraction
or a hydrothermal process (Garrote et al 1999;
Yoon et al 2006). As wood is progressively
heated, the results are 1) weight loss and 2) loss
of bound water and water-soluble extractives
(Stamm et al 1946; Seborg et al 1953; Hill
2006; Jara et al 2006). The presence of water
or steam results in the formation of organic
acids derived mostly from hemicelluloses that
influence the production of cellular breakdown
products (Mitchell 1988). Jara et al (2006)
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reported that the compounds removed from red
maple by hot water extraction had a higher per-
cent of hemicelluloses than lignin and extrac-
tives. The hemicelluloses have the ability to be
fermented into ethanol (Badger 2002; Fujita et al
2002). The remaining material, mostly cellulose
and lignin, can be used to manufacture other
wood products such as pulp (Mao et al 2008),
OSB, and particle board.
The logical location for hot water extraction to
take place in OSB manufacture would be be-
tween the strander and dryer. The pressurized
conditions would significantly increase strand
MC to near fully saturated conditions. This
would create the need for process water in an
OSB/OSL facility. The extract needs to be con-
centrated before fermentation (Dahlman et al
2007; Wood et al 2008). If that concentration
occurred at the mill, it could reduce water
requirements. Increased energy would also be
required for drying, although significant
amounts of moisture may be flashed off as the
strands exit the extraction unit at high tempera-
ture. The costs associated with these operations
along with capital costs would need to be offset
by revenue from the sale of the extract and
cost savings in other portions of the production
process (eg VOC control).
In an earlier evaluation of the physical and me-
chanical properties of OSB produced from hot
water-extracted material (Paredes et al 2008), it
was shown that extraction resulted in a signifi-
cant decrease from 807 to 260 kPa in internal
bond strength (IB) while maintaining flexural
performance at up to 17% weight loss. IB is
often used to assess adhesion quality in OSB.
Similar results were found by Bengtsson et al
(2003) when glulam specimens made from heat-
treated wood bonded using phenol–resorcinol–
formaldehyde or polyvinylacetate was tested. It
is known that heat and moisture cause changes
in the wood structure by oxidation and decom-
position of wood polymers influencing the wet-
tability of wood (Varga and van der Zee 2008).
Contact angle, surface energy, porosity, and
microstructure evaluation can be used for
understanding the wetting process between the
wood strands and different liquid materials.
Contact angle and surface-free energy informa-
tion help to estimate the work of adhesion at the
interface between wood and other materials
(Gardner et al 1991; Lee et al 2007; Mills et al
2008). This investigation was undertaken to elu-
cidate changes in the cell-wall structure and
surface energies, which may have contributed
to the lowering of adhesion strength.
EXPERIMENTAL PROCEDURE
Hot Water Extraction of Wood
One red maple (Acer rubrum L.) tree, 16.4 m
height and 24.4 cm dia, was felled and
debarked. A 1.2 m butt log was used to create
10 cm strands with a target thickness of 0.9 
0.05 mm using a 122 cm dia ring strander. After
stranding, the material was conditioned at 38C
and 60% RH for 5 days in a dehumidification
kiln until constant weight was attained. This
was necessary to determine the correct amount
of water to be added (see the following section).
The average MC of the strands was 10.1%
determined using a moisture balance.
A reactor was used for hot water extraction.
The strands (500 g) were placed inside a high-
pressure vessel filled with sufficient fresh water
(tap water) to obtain a liquid–solid weight ratio
of 4. The three extraction protocols involved
heating from room temperature to 160C in 50
min (preheating time) followed by constant
temperature exposure times of 0, 45, or 90 min.
Three replicate runs were made for each extrac-
tion condition. These extraction conditions were
equated to a severity factor (SF) through the use
of Eq 1 (Overend and Chornet 1987; Mosier
et al 2002).
SF ¼ log10
Z t
0
Tr  Tbð Þ
14:75
 
dt
 
ð1Þ
where t is the residence time (min), Tr is the
reaction temperature (C), and Tb is the base
temperature of 100C. The energy of activation
(14.75 kJ/kg/mol) assumes that the overall
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process is hydrolytic and the overall conversion
is first order (Overend and Chornet 1987; Jeoh
1998; Mosier et al 2002). Using Eq 1, SF of
2.71, 3.54, and 3.81 were calculated for the
0 (preheating time), 45, and 90 min extraction
times, respectively. Strand weight loss (WL) as a
result of the extraction process was determined
by freeze drying the extracted liquid at a temper-
ature of –42C and between 1.3 and 1.5 GPa
vacuum.
After the extraction, scanning electron micro-
graphs revealed that material had been deposit-
ed on the wood surface (Fig 1a). Individual
strands, including the control, were submerged
in acetone (100%) for 3 min until they were
completely saturated, placed in a beaker, and a
vacuum was applied for approximately 2 h to
wash out the extractive depositions (Fig 1b).
Microstructure Determination
Three specimens were randomly selected from
each severity factor and the control (SF = 0).
After specimen selection, 2  3 mm pieces
were carefully trimmed with a razor blade and
microscopically viewed to verify that no wood
structure was damaged because of the prepara-
tion. A metal stud was covered with carbon
film and two specimens mounted, one showing
the cross-section and the other the transverse
section, a mixture of tangential and radial cut.
Specimens were sputter-coated with a 40 nm
gold layer. To minimize electron beam damage,
an accelerating voltage of 5 keV was used while
imaging with a scanning electron micrograph
(SEM).
Porosity
The removal of cell-wall material by the extrac-
tion process was expected to influence the
intracell-wall architecture. One way to measure
the intracell-wall void structure is by mercury
porosimetry (Blankenhorn et al 1978; Klose and
Schinkel 2002; Moura et al 2005; Grioui et al
2007). Mercury porosimetry is suitable for
many materials with pores in the approximate
circular diameter range of 0.003 – 400 mm, but
it also works well in the range of 0.1 – 100 mm
(ISO/AWI 2004). One of the limitations of the
porosimeter is the difficulty to detect pores with
diameters under 0.007 mm (Moura et al 2005).
Samples were randomly selected from each
severity factor and the control condition
(unextracted). Ten sample replicates of each
treatment were trimmed to a 25.4 mm dia,
oven-dried, and grouped together for single
Figure 1. Side view of red maple vessel elements illustrating: (a) deposition of extracted substances after extraction (SF
3.81) and (b) subsequent view after removal of deposits by acetone wash. Scale bar = 1 mm. SF = severity factor.
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placement in the instrument vessel. The evalua-
tion of pore size distribution was carried out
according to ISO/AWI 15901-1. The pressure
associated with measured mercury intrusion
volume was related with pore size by the
Washburn equation (Washburn 1921):
r ¼ 2 cos 
P
ð2Þ
where P is the imposed pressure (kPa), g is the
mercury surface tension (485 mJ/m2), y is the
contact angle (), and r is the pore radius (mm).
The cumulative volume was expressed as L/kg
by normalizing the total mercury intrusion
volume against the sample weight. The incre-
mental intrusion volume was calculated by sub-
tracting the cumulative volume, Vi measured at
pressure Pi, from the cumulative volume Vi+1,
measured at a higher pressure Pi+1, and was also
adjusted for original wood weight. An approxi-
mate conversion from intrusion volume to
cell-wall void volume can be made by dividing
the normalized mercury volume by the cell-
wall density (1500 kg/m3). The advancing
and receding contact angle was assumed to
be 130.0, the filling pressure 4 kPa, and the
final pressure 170 kPa with an equilibrium time
of 10 s.
Cellulose Crystallinity
Wood strands were randomly selected from
the three severity factors and the control
(12 specimens). Individual samples of 25.4 
25.4  0.9 mm were scanned with symmetric
y-2y Bragg-Brentano scattering geometry. The
y-2y diffraction scans were performed using
a graded multilayer parabolic X-ray mirror and
0.18 parallel-plate collimator in quasiparallel
beam geometry. The step size was 0.1 mm
with a total range of 5 – 32. Peaks were fitted
to the scans using the program Profile Fit (Pana-
lytical, the Netherlands, 1999, version 1.0C).
The integrated areas of the fitted peaks were
used to determine percent crystallinity accord-
ing to previously described methods (Howell
et al 2007). Cross-sectional width of the
microfibril, related to the diagonal crystalline
regions, was determined using the Scherrer
formula (Eq 3).
Xs ¼ 0:9
B cos 
ð3Þ
where Xs is width (nm), l is the wavelength of
the X-ray source (0.1541 nm), B is the full
width at half maximum of the peak (rad), and y
the angle between the source and the sample
(rad). Rietveld analysis was also performed to
verify the results.
Contact Angle
Contact angle was determined using a sessile
drop technique in which a drop of a known
liquid is placed on the surface of a solid. It is
assumed that the solid is perfectly smooth, rigid,
isotropic, and that the liquid does not chemical-
ly react with the solid. Drop size is usually
small to allow flowing and equilibration on the
surface (Pocius 2002). However, porous materi-
als such as wood exhibit a dynamic contact
angle resulting from the interactions across the
two interfaces as liquid/vapor meets the solid
surface (wood).
Three different liquids were placed on the sur-
face of the wood samples (single OSB strands).
All measurements were conducted in a closed
and narrow glass compartment kept at room
temperature (2C) to minimize liquid loss by
evaporation. Every sample was illuminated
from the top using a light source equipped with
a heat-absorbing filter at about 400 mm. The
probe liquids were distilled water, diiodo-
methane, and ethylene glycol. A 5 mL drop
size was used. Twelve replicates (drops) are
performed for every liquid/substrate combina-
tion. Each drop was allowed to flow on the
surface (3 s) before imaging. Digital images
were analyzed to determine the contact angle
of each drop.
Surface Energy
Wood material representing the three SF and
the control were ground using a Wiley mill
and then size-fractionated through a 60 mesh
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screen producing a powder. Inverse gas
chromatography (IGC) columns were packed
with the powder and then conditioned at 103C
in the IGC with 15 mL of helium until the flame
ionizing detector recorded a background signal
of less than 5 pA at 30C. The experiments were
conducted using a fully automated Surface Mea-
surements Systems SMS IGC (Alperton, UK)
with head-space temperature control. Custom
silane-treated glass tubes were used at tempera-
tures of 30, 35, and 40C at a flow rate of 15 mL/
min. Vapors of high-performance liquid chro-
matography-grade polar and nonpolar probes
were sampled by microsyringe, and an infinite
dilute concentration of probe was injected into
the packed column with the retention time
measured by a flame ionization detector. An in-
finitely dilute sample of methane was injected to
determine the dead time in the column. The
probe and methane retention time were used
with the mass of the packed material in the
column for calculating the dispersive energy
and Ka and Kb of the samples by the Schultz/
Lavielle method (Lavielle and Schultz 1991).
Calculations were performed using an Excel
spreadsheet (Microsoft, Redmond, WA) and
packaged software from SMS. To calculate
Ka and Kb, Gutmann’s equation, –DHABA =
Ka*DN + Kb, is written in y = mx + b form and
AN* used where AN* is in energy/mole because
AN is a unitless value (Mills et al 2008):
HABA
4:184AN
¼ DN
AN
Kaþ Kb ð4Þ
where DN and AN are the acceptor and donator
numbers related to chemical references.
RESULTS AND DISCUSSION
Hot Water Extraction
As anticipated, WL increased with extraction
time (Fig 2a). The WL was 5.7  0.3%, 16.6 
0.8%, and 17.3  0.8% for SF 2.71, 3.54,
and 3.81, respectively. Using a one-way analy-
sis of variance procedure, WL was found to
be significantly influenced by extraction time
(p = 0.0001). A Bonferroni multiple compari-
sons, at the 95.0% confidence level, indicated
no significant difference between SF 3.54
and 3.81 conditions. As shown in Fig 1a, the
wood surface of extracted material exhibited
depositions of extract that were acetone-soluble.
The question then was whether deposition of
removed cell-wall material onto the cell wall
biased the gross WL determinations. WL of the
acetone-extracted strands was determined and
the relationship of extraction conditions with
Figure 2. (a) The effect of time extraction on hydrothermal weight mass loss (%) of red maple and (b) changes in weight
loss (%) of strands after an acetone wash showing exponential increase with increasing severity factor.
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acetone washing WL was calculated (Fig 2b).
An exponential relationship between acetone-
soluble extract and WL was obtained with ap-
proximately 0.2, 0.4, and 0.8% WL attributed to
SF 2.71, 3.54, and 3.81 conditions, respectively.
Depositions are thought to be attributed to self-
assembly processes of polymers in aqueous
solutions because of the presence of hydro-
phobic groups on the hydrophilic main chain
(Akiyoshi et al 1993; Cochin et al 2001).
Lignin itself shows agglomeration phenomena
in aqueous solutions, and when the tempera-
ture was increased, it results in greater aggre-
gations (Falkehag 1975; Norgren et al 2002).
Westbye et al (2007) proposed an agglo-
meration mechanism for lignin-rich xylan frac-
tions in aqueous solutions, suggesting that
xylans play an active role in these aggregation
phenomena. Thus, it is likely that the deposi-
tions found were aggregations of lignin and
xylan that were produced during hot water
extraction.
As wood is heated, the production of acetic and
formic acid from hemicelluloses occurs by cel-
lular breakdown, resulting in a loss of hemicel-
luloses, lignin, constitution water, and volatile
extractives (Hill 2006; Jara et al 2006; Borrega
and Karenlampi 2008). Also, 4-O-methylglu-
curonic and galacturonic acid can be formed
during the hydrolysis of wood (Sundqvist et al
2006). Acetic acid is formed when acetyl groups
split off as a result of wood degradation under
severe hydrothermal conditions (Hill 2006;
Sundqvist et al 2006). Water-soluble extracts
from Pinus radiata MDF pulp indicated an
acetylation of glucomannan components but no
cellulose liberation (McDonald et al 1999). Jara
et al (2006) found that arabinan, galactan,
and mannan were the hemicelluloses most
extracted at a low SF of 2.8, but when the SF
increases, arabinan begins to degrade. Xylan is
the most abundant hemicelluloses in red maple
(Sjöström 1993), and this pentose sugar begins
to be removed after a SF of 3.3, extracting a
significant portion, 65% on original sugar, until
a SF of 3.7 (Jara et al 2006).
After the hot water preextraction, the natural
wood color changed from light yellow to more
intense reddish brown during hydrothermal pro-
cessing as a result of degradation of hemicellu-
loses, lignin, and certain extractive compounds
(Sundqvist and Morén 2002). The most intense
reddish brown occurred at the highest SF of
3.84; at low SF, color change also occurred. That
is a commonly observed phenomenon in cooking;
Maillard-Amodori mechanisms suggest that the
presence of amino acids, reduced sugars, lignin,
and tannins can result in the formation of colored
compounds after chemical reaction as a result of
heating (McDonald et al 2000).
Microstructure and Porosity
Cross-section. A micrograph set of control and
SF 3.81 specimens is shown (Fig 3). Inspection of
the cross-sections indicates that the pressurized
hot water extraction did not induce cellular col-
lapse. Some cell-wall scratches were present.
These features are consistent with damage caused
by the razor blade during specimen preparation.
Transverse evaluation. A transverse section of
the control, SF 2.71, SF 3.54, and SF 3.81 mate-
rials clearly document damage to the cell wall
as the extraction conditions became more severe
(Fig 4). This damage was in the form of voids
that increase in number as the extraction severi-
ty increases. The size of the voids and extent of
their penetration within the cell wall cannot be
determined using SEM. Previous analysis of the
chemical composition of the material removed
by the extraction process indicated that a negli-
gible amount of cellulose was removed and that
the dominant hemicellulose removed was xylan
(Jara et al 2006). One assumes that the removed
hemicellulose/lignin complex follows those
locations in the cell wall as proposed by various
researchers (Fengel and Wegener 1984; Lawoko
et al 2004).
Cell-wall porosity. Pore volume and pore size
distribution measurements were performed
using mercury porosimetry (ISO/AWI 15901-1)
assuming the pore structure is cylindrical and
that the mercury is a nonwetting liquid that
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Figure 4. Transverse section views of red maple strands for (a) unextracted condition (SF 0), (b) SF 2.71, (c) SF 3.54, and
(d) SF 3.81, which illustrate progressive cell-wall damage. Scale bar = 1 mm. SF = severity factor.
Figure 3. Cross-sectional views of (a) red maple control specimens and (b) extracted red maple (SF = 3.81). Scale bar =
100 mm. SF = severity factor.
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will not penetrate pores by capillary action
(Washburn 1921). Moura et al (2005) defined
two ranges of porosity as: 1) surface porosity,
pores in the range of 10 – 100 mm, which repre-
sent lumens of vessels and fibers; and 2) inter-
nal porosity, pores in the range 0.1 – 10 mm,
which is related to pits and openings in the
wood cell wall.
In this experiment, the normalized mercury in-
trusion volume, which is related to void volume,
was 58.9, 58.8, 81.3, and 76.7% for control,
SF 2.71, SF 3.54, and SF 3.81, respectively.
The average void volume of the extracted mate-
rial (SF 3.54 and SF 3.81) was 22.4% more than
the void volume of the control as a result of
extraction (Fig 5), whereas that between the
control and SF 2.71 was not significantly differ-
ent. Between a pore diameter of 0.6 and 0.3 mm,
the void volume of the SF 3.54 and SF 3.81
increased and was greater than the control and
SF 2.8 materials, implying that the extraction
time was responsible for the largest apertures in
that porosity range. Additionally, it indicated
that internal porosity was greater than surface
porosity. The SF 3.81 condition had less void
volume and smaller pore size than SF 3.54 ma-
terial. This result is hypothesized to be related
to changes in the cellulose microfibril organiza-
tion in accordance with the microfibril width
changes determined by X-ray diffraction.
Moura et al (2005) had similar results of total
porosity 79.1 and 47.6% for control and treated
wood, respectively. The wood chips were
cooked at 160C in a digester with water, 16%
Na2O, and 30% sulphidity. In addition, Grioui
et al (2007) investigated the porosity changes
by carbonization of wood in a temperature
range between 200 and 350C by mercury
porosimetry and environmental SEM. The total
porosity of carbonized wood in an inert atmo-
sphere increased as the temperature increased,
which was attributed to the cracking of the
cell wall and the degradation of hemicelluloses,
cellulose, and lignin.
Crystallinity
Changes in the supermolecular structure of the
respective polymorph forms of cellulose for the
control and three SF specimens were analyzed as
a function of the extraction conditions (Fig 6).
The determined percentage crystallinity values
were 51.3  3.3, 55.7  3.6, 61.7  3.9, and
59.5  4.1% for the control, SF 2.71, SF 3.54,
and SF 3.81, respectively. The percentage of
crystallinity was significantly influenced by ex-
traction conditions (p = 0.0319). No statistically
significant difference between the noncontrol
treatments was indicated by a Bonferroni multi-
ple comparison at the 95% confidence level.
Figure 5. Cumulative volume distribution (less than 7 mm
pores) of red maple strands as a function of severity factor.
Figure 6. Graph shows the degree of crystallinity and
microfibril width as a function of severity factor.
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Crystallite width varied in a similar manner as
percentage crystallinity, 3.61  0.08, 3.89 
0.14, 4.32  0.19, and 4.23  0.06 nm for the
control, SF 2.71, SF 3.54, and SF 3.81, respec-
tively, again with no significant difference (p =
0.5114) between the high SF conditions. Similar
trends, initial increases followed by decreases,
have been observed in other wood species under
hydrothermal conditions (Hirai et al 1972;
Bhuiyan et al 2000; Akgül et al 2007) and wood
degraded by fungi (Howell et al 2008). The
changes in crystallinity were explained as crys-
tallization in quasicrystalline or subcrystalline
structures found by Ding and Himmel (2006)
attributed to rearrangement or reorientation of
cellulose molecules and hemicelluloses rather
than loss of amorphous material (Bhuiyan et al
2000). Increases in the crystallite width of
extracted wood indicated a swelling process
resulting from application of hot water.
Sarko and Muggli (1974) applied sodium to
microfibrils of cellulose, which caused an in-
crease in width as a result of a swelling process.
Also, a reorientation process (Hill 2006) that
can cause fiber aggregation through the
removal of hemicelluloses may be taking place
(Emons 1988).
Contact Angle
The development of a good adhesive bond
requires the spreading, wetting, and penetration
of an adhesive into the adherent (substrate). A
common measure of wetting is contact angle,
which indicates the wettability of a solid surface
by a liquid. The contact angles formed can be
used to determine the surface energy of the solid
(Pocius 2002). Contact angles from the sessile
drop experiment are shown in Table 1.
The contact angle formed by all the liquids ex-
cluding the control (distilled water, diiodo-
methane, and ethylene glycol) was less than 90;
therefore, the liquids were able to penetrate the
porous wood. In both SF 3.54 and 3.81 condi-
tions, the contact angle determined using diiodo-
methane exhibited the fastest penetration into the
strand. The SF 2.71 had a larger contact angle
than the control. Complete penetration of the liq-
uid into the wood occurred within a few seconds.
The penetration of liquids into the wood struc-
tures is initialized by penetration of the gross
capillary structure, lumens, and intercellular pits
followed by movement into the spaces within the
secondary wall. The mercury porosimetry study
showed that the more severe extraction conditions
(SF 3.54 and 3.81) had a higher pore volume.
This translates to increased permeability and is
consistent with the more rapid liquid penetration
of the material. The process of manufacturing
OSB depends on a good adhesive bond, typically
using a polymeric diphenylmethane diisocyanate
(pMDI) or phenol-formaldehyde resin systems.
Generally, pMDI represents as little as 2% of
dry furnish weight (Kamke and Lee 2007).
The bondlines within OSB are discontinuous and
the thickness is irregular because the OSB strands
are not completely covered with resin (Conrad
et al 2004). The increased permeability of the
extracted material may have resulted in overpene-
tration of resin in the extracted strands, thereby
contributing to the reduction in IB reported by
Paredes et al (2008).
Surface Energy
Values of DN and AN* were found in the
literature for the probes used in IGC (Table 2).
The Schultz method was used for the
Table 1. Influence of hot water extraction on contact angle (degrees) after 3 s by the sessile drop method for three
liquids.
Liquids Control SF 2.71 SF 3.54 SF 3.81
Degrees
Diiodomethane 13.9  1.8 22.3  5.6 0.0  0.0 0.0  0.0
Water 97.5  3.1 0.0  0.0 0.0  0.0 0.0  0.0
Ethylene glycol 0.0  0.0 0.0  0.0 0.0  0.0 0.0  0.0
SF = severity factor.
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determination of the dispersive surface energy of
the red maple samples. The results indicate that
as more hemicelluloses are removed from the
surface, there is an increase in surface energy of
the wood (Fig 7). The control was not extracted
and exhibited the lowest dispersive energy for
the samples run. These results indicate that the
surfaces of the red maple samples are impacted
by the presence of extractives and the hemicel-
lulose–lignin complex (Jara et al 2006). If this
is the case, the acid and/or base characteristics
of the red maple surface should increase with
the removal of extractives. The polarization
method proposed by Donnet and Balard (1991)
was used to determine the acid/base, Ka, and Kb
characteristics of the red maple samples (Fig 8).
As SF increased, both Ka and Kb of the material
increased; however, Kb had the largest increase
Table 2. Physical constants for probes used in inverse gas chromatography experiments.a
Probe
Polarizability index
a0(hu)
0.5  1049 C3/2 m2 V1/2 DN Kcal/mole AN* Kcal/mole Specific characteristic
n-Octane 11.4 — — Nonpolar
n-Nonane 12.5 — — Nonpolar
n-Decaneb 13.6 — — Nonpolar
n-Undecaneb 14.7 — — Nonpolar
Acetone 5.8 17 2.5 Amphoteric
Chloroform 7.8 — 4.8 Acidic
Tetrahydrofuran 6.8 20 0.5 Basic
Ethyl acetate 7.9 17.1 1.5 Amphoteric
a Park and Donnet 1998.
b The values were calculated by extrapolation as Donnet and Balard (1991) did for n-Nonane in their original work.
DN and AN are the acceptor and donator numbers related to chemical
Figure 7. Dispersive surface energy calculated by the
Schultz method for extracted red maple residues. r is
control, ▪ is SF 2.71, ▲ is SF 3.54, and 3 is SF 3.81.
SF = severity factor.
Figure 8. Ka and Kb calculated by the polarization
method for extracted red maple residues.
Figure 9. Dispersive surface energy (DSE) as a function
of severity factor (SF); the polynomial equation for the
curve was adjusted a quadratic regression, DSE = 0.1715
SF2 + 0.3073 SF + 39.425 with a coefficient of determina-
tion, r2, of 0.8.
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at SF 2.71 indicating that in the first step of
extraction, the wood surface has a greater basic
characteristic. The basicity is reduced as SF
increases as a result of the presence of acid from
cleavage of acetate groups from hemicellulose.
This supports the conclusion that the removal
of extractives exposes high-energy functional
groups. In Fig 9, the severity factor is plotted vs
the dispersive surface energy found by IGC and
a correlation is observed. These findings suggest
that the surface energy increases with extractive
removal, and both acidic and basic functional
groups are exposed.
CONCLUSIONS
The effect of extracted hot water extraction on
adhesion-related characteristics of OSB strands
was studied. Cell-wall damage was shown to
occur as evidenced by pores. The extent of the
pores increased as the extraction severity condi-
tions increased from SF 3.54 to 3.81. Weight loss
was correlated with up to 22.2% higher cell-wall
pore volume with the increase primarily occur-
ring at pore diameters between 0.8 and 3.0 mm.
Little difference in the intracell-wall void struc-
ture was apparent below 0.8 mm for the SF 2.71
treatment. The crystallinity and width of cellu-
lose increased as SF increased as a result of
the reorientation of cellulose molecules as influ-
enced by temperature, water, pressure, and
extraction time. Sessile drop contact angle mea-
surement on extracted wood strands showed
rapid penetration of probe liquids. Hot water ex-
traction increases the dispersive surface energy,
acid base characteristics, and crystallinity of the
red maple samples examined in this study. The
reduction in IB of OSB manufactured from
extracted strands is likely the result of the over-
penetration of resin in the extracted strands
caused by an increase in the porosity and perme-
ability of wood as a result of the mass loss. For
this reason, the recommended extraction proce-
dure for red maple should be below SF 3.54.
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